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Vorticity forms the basis for a new approach to the anal- 
ysis of inlet distortion in axial flow fans and compressors. 
Farmer first formulated this approach and this paper repre- 
sents a test of the usefulness of his theory. A summary of 
recent developments in the field along with a discussion of 
pnece£k£fectseeteditortiongWon stall margin forms a background 
for this complex problem. A computer program calculates the 
vorticity pattern at the compressor face using data that are 
read from a magnetic tape. The data, which were provided by 
NASA Lewis Research Center in Cleveland, consist of eleven 
Stall events. The output of the program contains tables of 
Stagnation pressure and the partial derivatives of pressure 
in the R and theta directions as well as three maps. The 
three maps are of pressure and radial and circumferential 
vorticity. The results of the program show a correlation be- 
۳۷/۶۰۱ Oo large positive circumferential vorticity and 
stall, leading to the conclusion that the stall was caused by 
the increase in blade loading induced by the vorticity. This 
conclusion suggests a formulation for a universal inlet 
distortion index and provides a basis for the evaluation of 


۳۱ vorticity approach to the problem. 
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The problem of surge in axial flow fans and compressors 
111 jet engines isla serious one. Unsolved it can result in 
fie toss @f a MUL E NILLIONn dollar aircraft and possibly in 
the loss of the life of the pilot. Manufacturers are there- 
fore forced to design compressors which operate with decreased 
Perrormance, 

Puring ebescaeszvearscorsthe useser axıalreompressors in 
aircraft jet engines, before high speed flight was a common 
Occurrence, the problem of surge was treated as a steady-state 
problem with satisfactory results. However, with the advent 
ot highoperftormance and high speed military aircraft, and in 
particular the F-111 which employed the TF-30 turbo-fan engine, 
[Ref. 1] it became evident that the problem could no longer be 
considered to be steady-state. There were some attempts made 
E ۲ Ell. steady-state distortion factor, but these were 
unsuccessful. During the next few years, various attempts 
were made to develop some sort of a distortion index using the 
fluctuations of the stagnation pressure as a starting point. 
These attempts met with some degree of success, but none was 
the complete answer to the problem. 

It has been proposed that a distortion factor which uses 
vorticity as a measure of instantaneous distortion would 
provide insight into the fluid mechanics of the problem. 


Farmer [Ref. 2] first suggested this approach and developed 





approximate equations for the vorticity at the compressor 
face in terms of measured quantities, 1.e., stagnation 
pressure data. 

301: 10) መጤ ال تت‎ cdnstortıon factor developed ان‎ other 
researchers were the outgrowth of instantaneous maps of the 
pressure distribution over the compressor face, it seems 
logical to take that same route to the development of a dis- 
tortion index based on vorticity. Therefore a computer pro- 
gram was developed to calculate the instantaneous vorticity 
Pattern and produce the maps of the pattern on the printer 
component of the computer. This paper will attempt to inter- 
د‎ chee ፡!! ይ ካዕ ርጋ በመ prove therfvalxaity of 
this approach. Suggestions then will be made concerning the 
Törmatiomseiscadıstortionffactor chat will allow the pre- 


diction of surge for a wide variety of engines. 





۱۳۳ ۰ NATURE OF PROBLEM 


۰٣٣ 66‏ و نا ۲ 

In order to understand the complexity of the problem, one 
must first be familiar with some of the nomenclature and basic 
concepts that are used in the field of compressor stability. 
Brimelow [Ref. 3] gives an excellent presentation of the 
present theories on this subject as well as a concise 
explanation of the nomenclature. 

The most likely place for an engine to become unstable is 
in the fan or compressor. These two components are said to 
be in surge when several or all of the blades become too 
heavily loaded and are forced to operate in an aerodynamically 
stalled condition. If one examines the compressor map of the 
J-85-GE-13 jet engine in Fig. 1, he can see that the conditions 
for surge are represented by a line on the compressor map. 
This line is generally called the stall or surge line. The 
most efficient operating condition of the compressor is as 
EO لت د په‎ ۱۱۱۱۱2 ٩ 0۵ لا ها ات‎ without Stalling. T 
ንኛ سس‎ ስከ ጋ the 011265567 wi Menmet surge, xt must be 
run with a safety margin between the operating point and the 
stall line. The vertical difference between the operating 
point and the stall line is defined as the stall or surge 
margin. In today's high performance aircraft it is necessary 
to have as small a surge margin as possible in order to de- 
crease the specific fuel consumption and increase the total 
thrust, while building the engine to be as light as possible. 


10 
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It appears to be an easy task to define a small surge mar- 
gin and then run the engine at a point such that this surge 
line will never be crossed. It turns out, however, that the 
compressor map is only a representation of the steady-state 
operating conditions of the compressor. Once that fact is 
known, it is understandable that fluctuations in the flow may 
Are ርሁ all macau anakeause che compressor to stall even 
though the dV SEO operating point may have been well 
below the stall line. 

The term compressor instability may best be defined through 
visual means. Figure 2 is a hypothetical compressor map with 
only one constant speed line. On this line six operating 
የ ከከከ GC Arce labeled PI; P2, R1, P3, P4, and R2. If the com 
pressor is operating on the negative slope of this line at 


ብከ) በ operation is stable. it is stable because the 


EL 





የ ር. NI tend te return to. RI if it is forced in 
either direction along the constant speed S 1 ٢ LS 
forced to P2 the mass flow will be decreased. The character- 
1sties er لا‎ chamber behind theseompressorf which 1sS known 
as the receiver, require a lower pressure ratio at the re- 
duced mass flow rate. The compressor discharge flow will be 
forced to expand into the receiver. This will cause an in- 
crease in mass flow rate and the operating point will return 
to Rl. In a similar manner if the operating point is forced 
፣ 8 it willepemtorcea to return to Ril. In this case the 
pressure ratio will be less than that required by the receiver 
at the increased mass flow rate and a back pressure will re- 
sult. The back pressure will cause a reduction in flow rate 


and the operating point will return to Rl. 
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If the compressor is operating on the positive slope of 
the constant speed line at point R2, the operation of the 
compressor is unstable. In this case, if the operating point 
ሺ ር ፡[ ነ ር ህ፡:”ፒ it WIR continue to move in the direc- 
ሠ... ነ ፡፡ ከየ ህ..)ህ)11|!ሆ ገሪጩ8ቁ moving and wil not return to 
R2. If the operating conditions move to point DÄ, a decrease 
۲۳ 0ه 2259 رن‎ 0 tatio willl occur. This will in turn set up a 
back pressure since the pressure in the receiver will be 
greater than the compressor discharge pressure, and the flow 
rate will be reduced. The decrease in flow rate will con- 
sinne to redusercie pressure ratio, and the operating point 
will continue to move away from R2. If the operating point 
moves in the other a along the constant speed line, 
Neue لا ص۱9‎ 1110۳ ۵9 5۵۱101, in turn, will in- 
crease the flow rate, and again the operating point will 
continue to move away from the design point R2. 

EX x — therc ore ادا‎ 1 limit Tor stable COM 
pressor operation is at the point where the slope of the 
constant speed lene Gmericmeonplessol man goes to 2C0. The 
compressor must — where the slope of the constant speed 
line is negative and not be allowed to reach the pressure 
ENEE E Ehe o the Limiting point for stable com- 
pressor operation. 

With high performance aircraft the transient distortions 
induced by sources external to the engine and in the engine 
inlet will be of a large magnitudo and, therefore, more 


dangerous to the stability of the compressor. The turbulence 
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is likely to be generated by some or all of several sources. 
Some of these sources are: shock waves, boundary layers, hot 
Basesgemitteestromerockets launched from the aircraft, and 
off-design operation of the inlet. Since the stall margin is 
such a critical variable in the operation of a jet engine, it 
is not feasible merely to increase the stall margin to such 
an extent that time-variant distortion cannot cause the 
compressor to stall without a disastrous drop in the overall 
efficiency of the engine. It is necessary to obtain more 

1 ۳۳۰1 از 1 ها‎ Oil thessource Of the distortion, what effect the 
distortion has on the inlet-compressor interface, and just 
exactly what type of distortion 15 most likely to cause a 


2... ressor me O Surge., 


Be EECLHIZEBLVELOPMENTOOENS IHESREESPLD 

With the advent of the new high performance aircraft it 
became evident that the method that was used for the evaluation 
of the inlet-compressor interface was no longer effective. At 
that time this evaluation had been done wholly by an analysis 
of the steady-state distortion through the use of a steady- 
spute distortion factor. In a high performance aircraft the 
inlet flow is more likely to be turbulent making it necessary 
Penevaluate the effects of time variant distortion on the 
Somoressor. Since a turbulent flow Sa function of four 
variables, which in a cylindrical coordinate system are R, 8 , 
Z and time, the problem became a much dcs one. The 


magnitude of the fluctuations in pressure and velocity in a 


l4 





turbulent flow is such that they cannot be considered small 
with respect to the steady-state values. 

In the light of turbulent inlet flows, it becomes apparent 
why the steady-state distortion index was not adequate. It 
does not take the time variable into account. When the inlet 
flow of a compressor is turbulent, the steady-state distortion 
factor can be well within the tolerences for stall, and yet 
the compressor may stall due to the random velocity and 
pressure fluctuations in the flow. 

The first attempt to solve this problem resulted in an im- 
proved steady-state distortion factor. As might be expected, 
however, that factor was also inadequate for the solution of 
the problem. The amount of turbulence is often quantified 
by the variation of root-mean-square stagnation pressure 


(AP Po SE ይበዙ-|፡ 7 to tackre the turbulent Blow 


rms/ 
problem, researchers attempted to devise a method by which 
zbe®=ımproved steady- state distortion factor could be used 
1! በጠ... ይርሮ![2110ክ for thé amount of turbulence [Ref. M1]. 
This method was also ineffective, but it gave some insight 
into the compllexity of the problem. 

2+ +6 point, it was evident that some method of predict- 
ing the effects of time variant distortion must be developed 
to be used in the eee ات ا‎ matching problem. The 
method used was to introduce a system of instrumentation that 
had a quick response and was able to measure the stagnation 


pressure at any particular point in time. Measurements then 


were taken at small intervals of time with probes located on 





pressure rakes at the compressor face. The pressures at 
these discrete points were converted to a distribution and 
presented in the form of an instantaneous pressure map. By 
Mixing the variable Z at the compressor face, researchers 
eliminated one variable; and by taking instantaneous pressure 
readings, they made the problem two-dimensional at any point 
in time. The influence of time was expressed in the analysis 
by the time continuity of a set of maps. It became possible 
to find an empirical correlation between the instantaneous 
distortion, as represented by the instantaneous pressure map, 
111 01) ፦ሩመሽ Mieke inae oe Calogeras, Burdstade, and Coltrin found 
an empirical correlation between the instantaneous pressure 
distribution and the onset of surge. One of the maps they 
used in the development of the correlation is depicted in 
Fig. 3. Using their correlation between the instantaneous 
pressure distribution and surge, they developed an instan- 
taneous inlet distortion factor with which it was possible to 
predict stall with some measure of success. This factor was 
developed for the J-85-GE-13 engine with a particular inlet 
geometry and was not tested with either other engines or 
other inlets. It was tested at angle of attack and proved 
quite successful in that context. 

Plourde and Brimlowe [Ref. 6] also developed an instan- 
eneon IIE 04259101831011 1268022 This factor was used for 
1 ስ ምስም ان‎ ከ 11 Engine whieh is install&ed in the F-111. It 
Pomme eres ing to note that both of these factors, for the J-85 


Ems ንን a» primarily circumferential distortion factors 
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Another interesting point is that while each of these factors 
is useful in the analysis of the case for which it was devel- 
oped, neither would be useful, except in a general way, to 
nr enesvorking on.the imet distortion problem in a different 
engine. 

thes ported, Gite 16 fer whiich@amparcicular distortion 
pattern must persist in order to cause stall was found to 
be extremely small. Reference 7 states that for the TF-30 
this time may be approximately three milliseconds, while 
Ref. 5 has stated that the time scale for the J-85 can be as 
short aS one millisecond. Reference 8 contains a method of 
calculating the length of time for which a distortion must 
persist in order to cause steady~state stall. In general 
this time, depending on the size of the engine, engine speed, 
and number of blades, is between one and five milliseconds. 
NE the duration of a distortion is less than this time, stall 
will not occur, due to dynamic suppression of stall, even 
though the type of distortion might have caused a stall had 
w persisted for a longer period of time. Unfortunately the 
exact time that a oT must persist cannot be calculated 
تحت‎ a funciono many more variables than those 
mentioned above. 

ን አሼ ጴ የ ጂ ጠጂ የ! ህ ስርዎ  ጋዐ ሮህርር231.1ር1 papers, [9, 10, 11, 12] 
it becomes evident that the large amount of work that has bcen 
done on this problem has resulted in two conclusions. One of 
these results is an empirical relationship between instanta- 


Beousssnletzsdiıstortionzand stall, while the other result is 
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lack of agreement on the quantitative form of the relation- 
ship. As a consequence dozens of instantaneous distortion 
factors are used at the present time, This lack of consis- 
tency can be realized by examining Table i which contains 
six distortion factors, all of which have been employed for 


the same engine at various points in time. 
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Pro Sn re ከ ከህ. Forth a possible universal’ in- 


let distortion factor using pressure fluctuations as a base 


for the index. It appears to have solved some of the prob- 


lems encountered by earlier factors and is a more general in- 


dex. This index seems to be very promising. Another, 


different approach to the problem was put forth by Farmer 


[Ref. 2] and again in Ref. 8. 


SEN ORLTICITYSAPPROACH 
The approach presented in 
icing scCroces s theorem 2 


pression for vorticity at the 


Ref. 


was 


and ROLFE S new. 
possible to obtain an ex- 


compressor face. Then, with 


an order of magnitude analysis, using data taken for the 


J-85-GE-13 jet engine, Farmer was able to eliminate some of 


the terms involved in the original equation and emerge with 


a simple, easily calculated expression for vorticity at the 


compressor face. The two expressions, 


eircumferential vorticity are 





ا 
رر د سا 


For a morc detaileä explanation, 





CE 
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An. 


radial and 


(1) 


(2) 


cons ፤ ዉዌ|[ 1.በ. ቄህ work ın 


D b c the fact. halt vorticrity lines do not end, 


E12 P the axial vorticity can ba calculated using 


Econ trol volume. Unfortunately the direction of the axial 
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.፡፣ ። ከ በ1111 be ambiguous: As shown in Fig. 4, it is not 
possible to determine if the axial vorticity enters the 


sentroloweolume from the front or the back. 
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FIG, 4 AMBIGUOUS DIRECTION OF ۵۸۱۸۱ ۲(۲ 
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Reference 2 states that circumferential vorticity is 
likely to have a larger effect on the stall margin than is 
radralevorticıty.  Thıszis Tezconeurrence with other work 
5 ات‎ cas problem, but ıt may be beneficialäito consider 
the effects ር acia A 111 ها را‎ G1 the የጋር 
that the duration of a distortion pattern necessary to cause 
Stall is extremely short. It should be noted, however, that 
radial vorticity in a rotor is an unsteady phenomenon [Ref. 8} 
and therefore very difficult to treat. 

This new approach seems to have merit, and its usefulness 
should be tested using some of the large supply of existing 


data that have been accumulated in the study of this problem. 


al 





It would appear that some method of producing instantaneous 

vorticity maps similar to instantaneous pressure maps would 

be useful in the evaluation of this theory. Also should the 
theory be confirmed by these maps, the maps would be instru- 
Menta ML Nena CLON 2. dıstortionsindexrbased on 

۱2 ۱ 

The high speed digital computer is the best choice for 
the means of production of these maps. The main reason for 
this choice is the amount of time that would be necessary 
for their production by hand or even on the most sophisti- 
cated desk calculator that is available today. Also, it is 
necessary that the partial derivatives of Mule in the 
fan O directions be calculated, and this can be done most 
accurately by the use os numericai curve fitting routines 
that already have been written for the computer. 

The problem then is to develop a computer program that 
will fulfill the following requirements: read- the data from 
a magnetic tape, define a function in terms of r' and 9 that 
will provide the ER of the normalized pressure and its 
七 WO derivatives footy OIC COM UIC COMOLCSSOL lace, CALCU 
late the normalized axial velocity, calculate the radlal and 
0... ا‎ ር ተርቢ poınE on The compressor 
face, and finally print maps of pressure and radial and 
clrcimberentiad verticity at the compressor face. These re- 
quirements are shown more clearly by the flow chart in Fig. 5. 

Once the program has been developed and meets the require- 


ments mentioned above, the maps should be interpreted as to 
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e EMEC Or the Instantaneous vorticity distribution on the 
stall margin. It is hoped that there will be some relation- ` 
ship between the instantaneous vorticity pattern and surge 
other than the purely empirical correlation between the 
instantaneous pressure distribution and surge that has been 


found before. 





SOAM 
LO 
! di 
DATA 
| 5 
MAGNETIC TAPE m 


FIG. 5 COMPUTER PROGRAM FLOW DIAGRAM 


Farmer, Iverson and Fuhs [Refs. 8 and 14] have presented 
one such logical relationship between vorticity and stall. 
lt seems that vorticity can cause increased blade loading. 
Obviously, if the increased blade loading is of a large 
magnitude and has a sufficiently tong duration, this vorticity 
could be the cause of compressor stall. 

If it is not possible to find a logical correlation be- 
tween instantaneous vorticity and stall, it still might be 


possible to find an empirical correlation betwoen 0 8ٰ3 7 
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mee ENEE the relationship that has been 
discovered between instantaneous pressure and stall. This 
would seem to be a logical expectation Since vorticity con- 
tains terms of a higher order than pressure and may be a 
troer measure of distortion. 

These two approaches to the interpretation of the 
. 0 ېس‎ 11 maps both have merit, and both should be considered 
in this paper. 

0۱1 0115001551011 cf this topic will contain three more 
Eousrderatrons. V First, rt should contain some ype GI 
quantitative evaluation of the utility of the instantaneous 
1 تت‎ ٢۱1٢۳ 15171111961 13 the analysis of inlet distortion. 
Becondly 1 Ehe vorticity map proves to be a useful tool, 
Suggestions as to the most beneficial employment of the map 
in the further study of the problem will be made, and some 
work will be done on the development of an inlet distortion 
factor. Finally some insight will be provided into possible 


alternative paths to the solution of the problem. 
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۶۰۰۱۰۰۱۱۱۷ ط٢‎ ۸5 1۸ ٧0۱١١ OF VORTICITY MAPS 


EMPIRICAL APPROACH 

A computer program which produces maps of instantaneous 
vorticity at the compressor face lends itself quite readily 
to the empirical approach to the interpretation of these 
maps. It produces a large number of maps that are E ۰ 
examined. If a pattern of vorticity is present in several 
of the events just prior to stall, and not present at other 
times, it is likely that the pattern represents the distortion 
which was the cause of compressor surge. In che examination 
of these maps it is necessary to consider the duration of the 
pattern which seems to be causing surge. If the pattern does 
Mecepersnist for a sufficient length of time, its effects on 
the compressor are likely to be minimized by dynamic suppres- 
sion of stall. It is possible to compute a number, known as 
the reduced frequency, which will provide some insight into 
the influence of dynamic suppression on a distortion pattern's 
ability to cause compressor surge. Equation (3), from Ref. 


14, 


chord (3) 


i C 
Reduced Frequency = HM ፈፍ i 
| tip speed 


[ጋ‏ ا 


is the equation for reduced frequency. For the J-85 the 
length of time that a pattern must exist in order to be 
relatively free from the influence of dynamic suppression of 
Stall is approximately one millisecond. This number, however, 


1s more of an order of magnitude approximation than a hard 





and fast rule. It could be that a particularly Strong 
distortion pattern with a duration of slightly less than 
one millisecond would be quite capable of inducing stall in 
the compressor. For a more complete explanation of dynamic 
suppression of stall, consult Carta [15], Erikson and Redding 
1۳ ۱ بحرت‎ 17. 

Examination of the maps generated by the computer program 
ንሪረንያያደጀክጀ፣ዚቹ፻ቹ፡ ner conclusion that the radial vorticity pattern is 
w eeM to yield an empirical correlation to stall or least 
not one that is evident through visual inspection. The 
baler radralsvorticity 1s generally quite random, and 
the same pattern does not persist for more than a fraction 
of a millisecond. Figure 6 contains one of the radial 
vorticity maps drawn by the program. Figure 8 contains the 
scale to be used in examination of the maps. The numerical 
values in Fig. 7 are the values of the constant normalized 
vorticity lines that are represented by the boundary between 
the two symbols on either side of the number. This scale is 
Bae same TO BII mS د لل‎ ک٧‎ CEL are presentedlin 
۰۱۰۳٠166 ۰ر‎ | 

The patterns of instantaneous circumfercntial vorticity 
Prove much morefenlightening. The maps in Figs. 8 - NM are 
Poeeerins  *thateappear ۱ 1 to stall an the first four of the 
1۳۲ GT Tt Eet Ge 

EM 1د‎ 12206 . ሮሮ 0 ጋ ጋ ት .ሮም;ንን፣ንን تا‎ at the tip of the 
blades and extending ncarly an entire 360 degrecs scems to 


9 ۳۱۱ likely tO have Causcd stall. It is not feasible to 
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FIG. 9 CASE II CIRCUMFERENTIAL VORTICITY 


30 





٢ب‏ )- ده د و هو د د ی د د هد د د د ه سه 


L 


60(:(05>መመ=>>=መ=-ፍቻች(100በ 
. 5 9 8 9 9 9 9 99 وہہ‎ ወ ወጉ د وو وه‎ 201 


په څ یڅ 
اح )وه وږ وهه ه هد د ههه ه و و وم و ه ه ه٥‏ ه # ه 


= و + زب 


eflct- 
y 人 L 《一 ~ 
ELSE 


TLL*- 
dree 


مس هد ههه ቁ 9 ፍቀ ቹ ህ 9 ወ 9 ቹ ወ ወ ህወ ፊሪ ፊሑ‏ 9.. هوه هوه یو ቅ‏ هو ۵ 9 »ወ ዊ ዊ‏ 9 . 
lh‏ ه ه هد یو هد د یو د د د د هد د د ده د د د د د دام د ده وو دد د د وه هه ه٧‏ ۰ 
یتاسو هوب هود دوه دد د د د ده e‏ هد د د د د هه هه ده ده دوه ووو وو هو وو ووه د 


0 
=-መ ሬመሙ --= - ‹ ጠመ اپ س ہے‎ 
. 89 9 9 9 ዊ 9 9ዊ 9 9 9 9 9 هو‎ ዊ » ዊ ቄ مه‎ e 


- ቴፍኃርጋርንርጋርጋርጋርጋርጋርጋርንጩ > 


سدح رابرب © ۸# | 1 ( | ]| ı ı‏ اا ቋ1‏ چا + تاناكت للا 
ቁ 9 9 9 9 #9 = ዊ1[ [ ዶኒ..ህ‏ 9 9 9 9 9 9 9 * | | #«ولالاك 
ጋህ‏ اه و ه ه ه ه ه ه ه ه ه ه * ۶ هو هده Ze Eu‏ © *ه | OR};‏ 
رام s s s e edr‏ هد دو د s»‏ دص ده واه هاه ها هو اه هانق > ع و وه ደ‏ | نا 
وہ ہے 和‏ ه . 9 9 9 6 = 8 تن و و و * و 9 0 6 e e o‏ 9 هوه 9 9 VOR | 5* 9 9 9 9 * ወ‏ 
e oùj (JW‏ ده و و s s € ٥‏ 5 د و هو ٩‏ 6 00 می هاه ه ه د« ه « ه DIA‏ 
+ | * و ه دص وه 9 دص د ند د د د e‏ ۵ ند se‏ د د ه e‏ 6 ه ۵ EE RR ٩‏ وت 
ا جه ۵ هده و و و وه ۵ ۵ ۵ ۵ ۵ ۶ s‏ د 9 € ٩ ٩ ٩ ٩ ٩ ۰ s» 9 à e‏ 595 * اپ پا می پا پت ESCH‏ 
نا اع © o © e‏ ¢ و ه ه ه ه 8ه هو "5 ٩ ٩ ٩ $8 s ٩ 9 9 9 ቆ ወ ወ 9 ۵ 9ዊ 9 9 «e ወ = 9 9 9ወ s‏ ٭ «J | 8 ٩ ٩‏ 
c ue sees e.a e ras) s) P. e. ek o hoo iL)‏ اد SIN‏ 
ዎ 9 ቀ ። ወ «1 LA‏ 6:5 و د دوه en በነ. ፡..፡፡።፤ ፣! (የ ٢٢١٢١٢١٢٢١٢٢١٢١ o‏ 
s | [e‏ 9 وه دو د هه له د هه لل « ..ከ.. ፡ 5።፡111 የህ ውጠጭተፍጽጵ rar I II I a‏ نج 
OSU ቓኪያፌጋ:ቆ3ቄ(3ፌ/ው + + > I I | ሠ ቁ ። ። 9 9 * ቄ e e wé Elei‏ بت رح ت۶۰۱ 6 Kl Ee E (1 1! [ጡዱ‏ 
هباچ )هه ه 9 9.9 人 (Fee YIU UY UU ee ( ] [ ። *። 9 ዓ ።‏ 
e It 9759999929255, «t‏ ٢ل‏ الال لالا نی اتبتبانتاں باںیناتپ ዛ 1 ።» 9 9 9 9 9 9 ው )1 | * DO VIII II IS‏ 
ት | *። 9 *ቁ9 9 ቄቁ * 5 9951ርጋ‏ باحر ناب وات عاو 52=5 edd ER‏ ہے کے ہ کے ہے ے ኣጋር‏ نااء قال یں و #۷ | | ٠ ٠‏ * مه ع د ه٥‏ 5 SZ‏ 
kA vu dE kat Seat wi CAB II epes ee se eet‏ جح vd ed El tal Ei vlt‏ جح تے جح بب وے ہے ہے وے جا نحا ذا سانا نا »© غ © | | * ጋ... . ٠‏ 
I e e a er ci‏ |[ 8 نادان ت تب ات و پاپ ج تاج ወ ፍ‏ جا تچاف ف ኢጋ‏ ہے دن ت ئ ہے ህ‏ زوا زل تلد رل sf Oe‏ اء ٠٠ ٠‏ ع ٠‏ الل 
ጩ/ ኤህ ማማ ርህ ኩኃ ር] ኣሠ WOOO SGU 1 1 ቁ» 5 55959 5*1(,ህ‏ ہے ہۓ ብ. ዛ 'ህ/ፍህ ር2 ርኃ የማ: 53 መጓ‏ نا رب لاي يلت رغ ھچ دع ه ه ه ٥ه r‏ 
ፄህር2ርን> th essees ojoo‏ 5ص نا رن نا دنل با با يب ke Erd Ei vi "E‏ تا نت وت چا نت و لا نا زا رد نا نل لذا نذألل ل طان] © © etel‏ 5 2 * 5 © 
صن ره ه Bed DD DUD D መመ -ኃንኒንዙ [ ቁ 9 9 5 ዌ ٠.‏ سريب ےہ جِ بے ہے بے ہے OS‏ پ بے و یا CISC 3D 3) 32030 (DOD CDD CC 3 e3‏ ېچ لا ene ue oe‏ 
70+ ر ቁ 9 9 ٠ ٠‏ * * ( نب وج OD CDA‏ لائل با ہے ئ ہے ه اف ات ہے OU LU OU AE Eed EA E 3 £8 V cd o‏ قن تن كا وا فا تزا اس ا # 1 | 5 #5 9 » » . 
OU | * ቁ 9 * 9 *113ፎ‏ رلاپ ኣ2ሪ ር2 uo eo DU Laut D‏ تج ت PL. LA FEE EUG DD DO a‏ 
E we u 1) ቁ/ ፍሪ (ህህ ረሠ!13.ህ) ‹ኔ›.፲ :ህ-ህ) 22% 1 [ ”*፥* ቁ UO‏ ہے س ے بے ہے و رز نا نی de‏ تلاف چو صا کک ITT ET EE‏ 
ooo ooo} Cr‏ | ئل ሠ 'ሯ‏ قاع کے مہ پیا از پل سف نل تلایا بت سات IFS DOVER EA NIU DU VIN OD HS Sw OI‏ 
CH‏ ره . 9 * USLR | Ta‏ تناك و ته نیا تنل تب E o SD LI ID‏ بسا en E E ai Ed ed‏ ټوو ې بی بت یں بل ہی ص دا په ATI A‏ 
2:4/ሮጋኾ) [ 9 9 * ቆጢ«991ቴር።»‏ يف WD oa‏ بل نپ لجا سا لے ید یک لے ک س اہ به و نے ہے ۶ے پت نے ب بد بب یں با نیا نل مہ ما ےہ ፳ ፳፻፪ ሺ ፲፪‏ شه ጋ ር. እ | kd‏ 
Mel eee eet TOY‏ 52 کہ و و و لل زي ښاښان زيا واو ټت هجام جح بت جح ርኃ ርጋ‏ 62 جا حأ ات و ج بی یں بل ناف مع ےھ ےہ یت ےم سے صا بات ١ں‏ 
ey‏ مه .م ( ن و نز ۵ u2 uo "D u£ X72‏ 05 كد ها نله نی ፍኃ (2:3 "ፌሪ‏ 52 بت پ ہے تا بت ፍዳ ር ዮኃ ፍሮ2 የ2 63 ሮ5‏ نج 5ዕ2 DUU E eat wd E ፍኃ‏ )5 ےہ ےہ مہ ہم ته هله وا ئښ و با + | » Ss‏ 
aw; Xue d DO quo | eee espe‏ 58 نوا رن بل بل سای و تا نات جا خا ات نا نا نا نان ب جا تا تا جات حاي پا ناو تر ما اه هغه ህክ ሚጫ ዉ ዞሬ‏ پت کا 
اک ) ٩ * ۶ ٩‏ همه هو uud) eu)‏ کے 5 تا تہ يدا نين كا عيذ بل لل نل نا بے ہے ہے ت ]ہے رہ روہ ہیں پاپ ں ہپ ا PWS YR REAR RMR AAO OLY O WwW OD OU‏ . . 
#.ጢ)ጋ‏ 91 *# 9 #9 9 * وی لب ماما سے هت وه AE‏ ہہ A‏ کے د ذلا نك dJ‏ ءاس ب ات دك ت ፎ/ ኣ2 ”ሟ ኢ| ያ 3ኒ 7. ጋ JC Oc C‏ تو ሊ!) ፍወ‏ )1; ا قن 5 ፎህ ሃ2 25. እዓ 55. ደ5, 6፲ ፍፈ 5ፈ ፀኒ ናሌ‏ نب TZ‏ © 
uc 6. IR AT LOI GE C£ D DO q or 9 9 5 | X C)‏ ے فو نا و و و ساب يب و جات د هت را نا نا ب ..' ፒ/ (.ን (.3 ኢጋ‏ كت نحا D Dei E‏ د صا ته A RL‏ مه ድ ኤ/‹4/ ጋ 5ኪ ባር ካ ጆ8‏ 2.1 
ፎ 3ጂ ሟሚ ዳኗ ፎ ፌር ;2፡33 1 oo ec el ey‏ .32:50:08 :4‹'(1)'1 وت یہ بت لا گت نان نار ب١‏ 0بت 0 ن زان نس ات ۵ لب بے )5(:0 ለ ቤኔ 35.66. 2.45 ፍሪ‏ .25 8.5 35 که نل اسان | . 
+ | ه 8 = ኣጋ '</ ዱዳ At <ሬ ጽኤ 8ዲ 2፪. ደ2 ኒሮ ኒሪ Vie 9 * ቁ‏ 232 42 لا سه Med oe‏ ا را ئلا را نا !/ SS የ2 የመሊ‏ اسا لہ لل We Ba MS OL‏ د کا .52 ۱١۶۴ ፌ/!ኃ ኳሮ alc‏ 
vw‏ و ره وه و © 5 9 RK ኗ «5 ፻2 52 2) ርው‏ عد 2٭ یہ ے ہے ص٤‏ را ز١ت‏ ہے بے ٹب ب پ ناب تا تن UD Y‏ یں ب بت ر اہب دل یات ۳9( ہہ ۲ 5۵ هغه 1غه نڅ ےہ ےہ ہم یک ناف ۱١‏ 
-3 1# هوه 9 * » | GE GN CA OU‏ کاله ፍሪ ፎጋ ፒ 25 ኣፎ Go‏ 53 3 + 1 نالا لا نا E‏ تاو تب ل۰٥‏ ںب بت رے وے ۸ہ بائہد Sms ፲፳ 6  2ሺ 8. ሂጋ‏ کہ ہاو +3 | 
اه ፲፻ EL U A %4 GS % a A DE IDO IDO ul LE Cl wd el D LL SÉ E E SR E DÄI e er e‏ لباك نا | 
رل ړه ه ه د« O IA ኤ/ቺኃ ሂሪ ርሪ ርኃ .ር/ :ፎ፡ AA HET RUMI |] ٥ ٥‏ ل لال ف ا ن الالال س 17.. *oLUCGUZ 9L 12 2228 L2 ዱጌ 3ህ A 1 ZG ጋ‏ 
፲2 2 =. %. ጾዲ 3. ሬና So DEU * 55 9 #9 91 €‏ لذ ات نت اند ت زا نپ لا باب نا ت تپ تل لے سای 00 ፻5 E 3 ei ta NX XY Lor] f$‏ 2 ب۱ اب #ዱ‏ 
اح ع | ቄ ቀ‏ 98 * »* ه دی ړندهے هئ لد ኤያ ና ፍወ Erd Data ፲5 = የ2‏ لاب نب Uw Vee‏ یه کا 38 ፍ%. 24 85 :72 ኗ‏ ده عفر اب چو 
ኣረ ጃኒ 25. 8: D A Si E 22 .ረ) ፌ= ኒጋ Sep ee e lU e LA‏ رای س و نے ہے لا لب اب ناب 3 oi e e ኒረ2 (11 መዳ ፎ:ኃ3.ፌዕ ኢጋ ዖ/1‏ کا ላሁ/ ኣሪ =ኤ 55. ቺዊሴ E‏ نيا جد 
ውኃ መ ገን ፍረ 5ል ፻2 3፳ ይዬ ቿ ሺ ዌፈ. ፲፳ 2) D 4 | ce 9 9 #9 9 [ጭ ፌኤ)‏ نالا انالا የ3 ኣመ; ኢጋ ኤሪ ርጋ ፌሪ)‏ لل ፎ.: 55 ጁ ርኢ ቿ ኒሪ‏ ہے کہ ک P App‏ 
JODIO SY ጻኔ ፳3 3ቺ 5: ጻ= ወረ ፆሮ ፻2 ኗ: ፎ; 'ሪ) 1) ርጋ 1 = * 95 9 9 1 ዙርን)»‏ ب باب ፳፲ ሂሪ ፐን ሁ-ን ጋጋ‏ کہ 4ه ته کد ہے لے کے کے ا وین رل ፳ ኒሪ‏ 
ርሯ ፆፎ ጄና ጊ ርኒ ፌ ር ዖፎ .ህፌጋ [ *። ቆ 9 9 * 1 ጭር)‏ ..5 25 14 11 اسع  =ኃ‏ لا لاد me ADAG) YoU‏ ےہ کے غا د يكذ > FY DWAR‏ 
iru‏ هوه د »* 9 =ፎ .ሮ ሂ:. 28 RU ATI‏ کم መዘ ምግ ,1, (ነ ርጂ‏ 52 لب ناف نا ار ال لالا ت لل ደጂ ፈጋ‏ .=< ا گا کہ © = V5 6 4L,‏ نب ጉኖ‏ 
:ፎሮ ጨ ሬ፲ ሟ ኗኒ ጃ ጫ ጄኒ 22 የጄ ሪህ) ፌ] | “° * 9 ና 951 ጥጭኒጋ)‏ ئن ہے انتانب Gei 25. ዴሂ 'ሬ' 'አኃ.1) DD Ju ኢ/.3 ፣/ ኢያ‏ 4 2 ند لل بت 27 
NM Ai‏ | ه ه ه ه٥‏ هد | باللا تن 9 ፌ/5 22 ጊ/'ሄ % 4. ጨ KLAR EL‏ نالب نالا wes JJ sel Lol kel‏ ا للا لل 7ے حه SG ev e‏ ا کہ ہہ 532 m.‏ 
دں ےو [1* 9 9 SIMMER AM 1 «9 ።‏ = لا لاب لالات ب © ر تت تھ کے ጨኤ ‹ኋ ጧ ኗ‏ یک لع اہ صا ہیا نا ٭ 
et kel ki ki SS rz Au äs Ei di Ca gä pa ER, méi | * = 9 9 * 1 mv‏ لااب لال بے سا للا ال ما ته غه د ته à‏ ےہ Toc) €» uL I) Fu XQ‏ 
ں 1 9 9 9 el a ጄ. .= 62 ረ5 ጄፍ. ጸሮ .3/ AR * 9 ።‏ ه ./ሮማ .ፌ.‏ الال لا (éis Jil O ጋያ ኣመ J ፌዕ Lol sl‏ ےہ ک ے کے ے. ےھ قد وات ال 7 
ل > [ 9 9 9 5 »9 ሹ ።‏ 2 مات کہ ፌ/ መዳ 1) 2፳ ZE E E E Séi‏ ل لن UU መዳፌ.‏ ہو ےم ہت Oc .D.0202:£ 53. ደቂ n af 5222 Du‏ | 
Ta 0... 0.0... (e 3‏ یہ ۵6 رر کون پاپ( نل 3 ریا رو صا م كا 2 > > ጄ=‏ 52 52:2 # | 
A SE E SE ES Cep see se el FU‏ عد هع يروف ل۱ ناټ(ال لب 5፪ ۱5 Sw Placa IDO‏ كه 25 وى هو مذ لل نا 1 
ሯ ee Dei ። 9 #9 9 9 51ዥዣ%ርጊ/‏ که UI E Q- ፡'ኒዌኤ/ ፍኋኤቭ። “ጋ ረም. ጄ ቿ: ጄ‏ لیات اط ل br‏ مجرتم 8د I # ODL‏ 
ወቂ ya‏ 9 = »* ه ٥‏ | د SOD oes ጋ IV WHI tet PEA RM RM ER‏ کی کہ غا کا قاتا 2ضا لزاصاتبف و ] 
ai RÄ A DÄI ses e el Lie‏ ته ښک نه 2 4 24 4 ہہ رز SUI le Ess‏ 0.22 ت تو ኣፎ ኣፎ .32 (1, ጊ!‏ ها عد حت تا کی نف ند 3ب | | 
بسن ھ ١ه‏ ه هه هه دب ړن غه ے کے ፳. 5. ፳‏ 5 ست سه ون وا لازال لا =ኃ ኤያ የ2 .ፌህ ፌዕ ፌ/ ፣/‏ ا سانل نی (إا انها قا وهب كد حث نت شاك لك لل ቋ ١‏ | * 
J‏ و 9 9 9 9 * و عد A e D oi H ei e "EI AE‏ ند WY sw JS ጅጋ AU‏ لہ ں ار وہ جح و ج ن ار رل رل دد تد تد ت 524022 لاب 34 [ * 
ريه ه 9 9« ኣመ ማን ../ = ኔ3 ፳. 2ፈ 24 22: ዉዷ. DR LE UE [| ቁ * ቁ‏ 3 كا نا لانا ثانالا راد نازاب وم او مد UJ eg‏ نلا 32.:2 552 5252 .1 siwe JO UJ‏ 
عون وه هه و وه و . 3 حارل 4 > ۲ Sis at DUKKE IXIAR‏ ں 25 0د نا ب جح AAN‏ یل لد 1.۳ بت :323 رل بل تا 3 ۶ | e‏ ۰ 
efi)‏ 9 9 95 9 »« 96 »« فا وح قن جك لا ئ ه2185 1 7ه ه7 لس ات فم ساب ود ل 2 2۱2 نا 79:730 ب جاسم ص ہیی و تئ تا نلزانذدرز ٠ ٠ ١ © Jett Lsap‏ 
نف وه وه دد د ده ون DWT DD DEH Daa Dl 0055.75 JU C ፌ/:3ዚ.፤58 ed jus erp a eA aL ER IO ab lu 1, '፲‏ لام !ہی کا 
بد رر مہہ | ር2.ጋ‏ )11 2 ےہ بد کے کھ سس 6 .45 3፡2 ፍ3 ህህ ካ›› .ሪ ኣር‏ ہے نے لاب نے ی۱ مہاں نان و Et‏ سات نات فت اټاف تت لل نلا لا لا پل ها لا نل اف ات اب # ء ے 
AE E el rel tri E LI UNE 52 5. 52 ሺ 5: 2 :2 00፡53«1 ee ee ee oi D‏ بے 313 369 393 0 4 I TOSS DD DIDT E DIEA AN De A‏ 
٠٠٠١٠٥٠۵‏ د ዱ 8 5 5ጻ 5: 23 ሠ-2፡03‏ کی ھا ہز رز راب نے بات و ےو چا چا ب c‏ ی چا وف ہے و Foe SESS BOLT DDD DY DYE 33 ROH‏ 
LE ሩጋ‏ 9 9 9 * 9 9 * | هت و7 ፦-3፥-3 PDT ODER REN  :ጋ :2 ፲ፐ‏ ہے و ہے چجے چے ፍቆሪ ›..ህ መጓ ኤሪ‏ ہے وے ہے ہے و ہے ہے ج بے و DU 4 F3‏ نل AA et OB‏ 
1:,0:5.3ፁ «5 9 5 55 5 59፳8ጩ‏ 2::22: 52 ه 54 عه ود وه ريا DIE XL‏ وت ہا ہک ہے ت ف ics al cii‏ بے ت ت esu‏ جا كاحت ان سل لب هت تح پاپ ፳‏ | ور و 
(ሂ .1) 2.2 ፤ ቆ 9» » 9 * 9 » . | J‏ 2= ےم قد کہ ጋፍ IT H AUDI II I HR IH I o tu a) IU! ao‏ ہے ግ 5 5 | ቴ ኤህፌ/።‏ . . 
al‏ ره ۰ Pts ገ.፡ኀ1..1ወመኮግር ወ. 62፡2 ወ.58‏ نا وى نا ني وى ف هتسه نت نت نا كن ات نك أكاق كات کرت پت ت6ا جج 
ebe‏ و و 9 . 9 ።‏ »* ه | 5 UY LUD 02 በዐ. ፡=2።፡222‏ نل 23 سس فح قم پٹ ہے و؛ ہے جح ہے کے ہے ہہت 3“ 3 4( ሪፍ “2ሀ221-:2፥-2 53 ኣ:3!-4 መ( ር: ር ፍህ‏ کک نا ب e qu D‏ هس ع * ۰ 
*1ር3‏ 9 9 9 9 نو ه کات 53 E eat rd El ug véi AHH ኒቂያ !1, 32.1, ዛዓ ፍህ ርኃርኃ‏ نت ርጋ ሮያ ርጋ ርጋ. ር25/ ህህ ርኃ ፍቃ ርኃ ር3‏ ہے و و یب ከ የ | ው ኢህኣ/ፌ]ርጋር፡ወ፡ ይዘክ ርጋ ርጋ 2ው‏ 2 2 
ዛባ፡ 4 (፲.-1) 1) ኣ/ር3 2፡2 -7(ጋጭ 1 * 5 5 9 9 5 9 9 =91ህ‏ جال وہ يد ህያ መያ ፍወ ርጋ ከጋፍጋ 8 ህሪ‏ ہے نب ہے نے نے نے ہے e a‏ پر کت ۱۴ اج 
el gl El ed El red El pf “25. 23 ር2ሀርህርጋርጋ ዙ 1 * 559599፡»95፡*95953ንግ‏ ننن ں نت it TTT lg El ed e ri ei eeng ll del‏ 
( #ه ه ه وه = 9 9 04s |  *‏ يی کت بے Lal Eat‏ ون نب کہ تپ وی بت 000262( با 2 نل د د مات ظ0ہ IA‏ وی | |د هو وه د ھا 
SI ses seess el?‏ پر 32-3555 نانب ee ee) ss xs ۷ | € 402012095200 000,52:) 2002)002:23020.2C e‏ 
EES lL OO oD‏ 2ت ہے EE EE EE‏ ای E‏ 
TOSS STI sg eps ss se . pj‏ 00ص ١ ቢሱ የበር 2 eS SSS‏ 1 . 
Ee EEES IIA L110 0:20۰5 o70‏ 
ند اه هاه 6 6ه ከ AAA a | | ١‏ !| 
1ፎጠርን‏ ]111111[ اه کج و ۳ ۱۵ ۱ ۱۱ ۱ [ ار ۲ ۱۱ ۱ ۳ ۰ ۵ ۱ ۱ ۱ اه ۱ ۳ 1 1 1۱١ ٢ ١‏ دل 
Se EES EE LR e e wg‏ 
EE ee ee AL ANS SAA SII JS‏ 
a e 5 22 d D Oc‏ یج Nunc NEM UL DE‏ جح جر ع | ع عا ع ع ا ہت 
eJ»‏ د 74-71 2:5 الخد ጐፍስው:2..2 2.3.3 .ገማ በተ‏ و | ۱ ۱ ۱ ۱ ۱ ۱ ۱ ۱ 1 جج جو جر خ رت رج به ےوہ جا رص پیر ڑ ےہ 
二‏ ې يې یي څې لږ ج FH E db B‏ پر ےج د 252-18 1 5 دن ع 'ሙ:3፡3: 3 ።ሙህ።።ቨ። Gb od dt 9o‏ 
-ጋፌያ ን 3 ንጋ ” HG‏ 93.3 کے رت کی وہ دک 7.2 3:1 د د دت ئل د لن د تد د 92۹ د « لد ۸ ጋጋ ጋኑ ቢተ‏ 
رہ و ہے ہے ہے »— cj 0723 (51 (D) c3 C63 I3 I3 e cj e) c3 "ID Cu‏ کک حبص C3 C3 72 c3‏ بت ) IS‏ 


۲23 لال‎ bel zl Kl vi zl lgl ai ti Ei E eat lr Sea Leg e eat e تہ بل نا تا ند ند برد‎ ህ (ን ዬኃ ኤወ ፍ3 ሮኃ ኒ2 O 
p نل لایب لړ پ۲ لړ تک اف اه كا وا و تت ب نات لد د.د‎ pi. بات تا مات هېت با لړ زیا نات‎ 
لے لے نے لال ت‎ Se SSS SD ee اې رن‎ መዳ ርኃ ኤወ ር መኃ ፎ3 ዮኃ 
Ba SSS et SOO Pa a oS Soe ot vi 
€3 CJ — هټ اي خا نا تنا‎ 3 የኃ ኣኃ du نی‎ ue بے وع رت اسا سب ت1 یں یں لړ یړ‎ ፍች ሊጋ 
7 بت‎ (C3 اح جا مات‎ 2 የመፃዮንኃ ሞዓ نی الال ند هه ای‎ 4D. U DJ ہے پت ہے ادع ج نپ‎ wad ES E d 

ل ساب EI I‏ دح یي ات کت نه هت 27 اس CD CÓ‏ 
نا نا لب wel El E‏ و بج ناو LO a ua O Du DO DD O Ia‏ 
ہ ان ںات ےت بت سپ یت بے بن بات بت تت تت ات لال لف . 

=. kel تیاب يب جات بت ات 5 ادا زر‎ e 


- - 9 


ITTAL VORTICITY 


የ 
i 


E 


۹۹۳۶ ۱۷۱۷ ٹہ ھ۶ 





- - - 
« ې یره )ځا )ناه ES‏ 
DORSO‏ جا نا لجا كا لج ل ب 
ایا جال حال © > 27 y a SO Sus‏ کے بآ اب Du‏ 
e DRDS o OO ፍሪ‏ و ان 
NN es‏ نان هو ے و ہے نهپ باب تچی ee EE‏ 


D eer‏ رک نے ہے و ےو ف ب با ناپ جن ہے وم يونا نان ساد 
ጋኒን‏ تب SI OOO we eS SH Set DOW POLS De Go YE‏ 
BRO AR ag OS‏ 


7 = SU oe سا ران انا‎ 
63 ات = ۾ + جدل لالةلانت تج‎ PUDIERAN اه شه رد ۽ ج ی و و بط می بیو ہو که‎ 
SSSI HF ee ew Ot ELS EE LLCS EE E E YF UG 
SO SIU sae وان لان‎ ተቀ ም ተገ wads ang ee Ses ር ۶ 2 UO | 
ارا لال د ناو ها‎ Be Oe e سو‎ ፎዬ ኢው ውጪው መ سای کم کچ مر‎ YOUU هو‎ Eee Fe 
EE EE EE Ee 
500097 5 5 2 5 5 5 52ت 220 5252522222 22 22 25 522355 22 2 0122352 20 0250 3ت‎ 22 VUS 
ايت‎ EE EE EE 2 5 وناج‎ 
rR | 2 ۶ ٩ دوم یقت دبس تیب‎ E 
ከ ሽሽ پو و‎ 
Gase. 
Gel EE 
Sol ع‎ 7 5 
Seel EE 
GIE EE E 
کچ ی‎ O 
oa Ee 
AMEE EE E ERMAS EEIN ETTET ETNE EET 
QUIER]? EE OO NS | | ب بات نب لاج‎ JI .13 (1, ነ.2 عد‎ > X ድ. ኣሮ low AAT 3-00) 
SEELEN 
ርር EE EH) 
Cuore sq ۱ ۲ 5 نها بات ب با‎ Du t. i 81 = ፳፲ ፻ጪ ከ2 ኒረጋ ረ) DIS SO NUDO a CU Dsum 1 1 ው ው 00-413 JU89 ER ص ع‎ ፎ ፎ:ረ).ሠ مان بت‎ wu ID 
mur | I8 Dessous cuea x vd D DU OQ یر دوجو ووت۔‎ ማታ ረመው Ey وہ ہےر ہار‎ Se 
EU E cuc! Dd DOLI s E SO XD PERDE E ele 1 $5 099]9] Dea x dx zum کي‎ 
ues Ri E EU لیدب موا د و ه هره سه د وهه‎ P oodo I [1 ዳ تر ین ی1 ه«»د ماب سنات‎ 
aba IAS ea o O ma IS EO o 
ا را با ماد دات د عفنت ےل‎ እ 二 
ተጋፌ/ፌህያፍ ዮ 1 1 | ድ ጽ تع صا کاب باب تب‎ ፎ ዉጪ «ሂሪ 52 ون راهب رن ال رل‎ Jr ے ور ل ره‎ € gn نل لال ل ا سارل کا ج‎ 
ج< لب لس رز‎ # ۱ | He USSU Dower Rwy OU لا ہو ہے ہے ہے ہا ارو‎ Beit + ٢۸۴ 41 0 RE زج يد ټارل‎ UU 
ور و نود ا ہت‎ ea iaa د‎ TIENT SE onc. is 
مد اص لي سانا مذ 2 1 | ي بدن نان‎ Ou T [uU IO OU, ونر ن‎ | SL Lk ite نہر یہ توب بوت روت م ج و4 عد مد عارذ‎ 
یتب‎ I Em ات‎ DILO OO pus ee ال‎ 
سال و ] + یبا‎ pd O LOA OO Dial هوه ه‎ | J UUSLD صا د‎ ጄ تب ج ہے نات عد كذ هه‎ .ጋፌጋ.ጋጋ 
.جو‎ mS D usu لاح‎ so s ed Cres OC) CS کٹ‎ s aged ረመ s ue Uoc C 
Ec er وير - کے رہن نے ہن هت ری وص و د‎ | UC te sat am anuo E cou EU Coo 
7۲ ۳ و‎ | Er دن سو وان لوان وتو فا سال لواحا‎ LO ug IS a O O 
e O I ڈیرٹ‎ ٢1 ۶ه 2ه نه لات هی‎ O er 
ag دم ہے ےج نے نات رج بل روف مدص فد وو يچب وم و‎ o o E a ن ریات بت بات ال‎ 
بد ا ا رجہ‎ 7۳١ ہے ےہ ہے ہد ہے ہے ویو ود مد ک مد قد لز‎ a A کر ټوم 21 ۷2ص هع ہچ‎ 
26ج ا وو نوت‎ ۸۰ 42:2 Desi os os بح مهد تن ی‎ 
aa LS DIS See tt ١ تدك بر ان‎ 5:25 22 5 8: ይ 24 መመ E 
Beg وا‎ wi ai eier پاټ ټی هی رز اع د هچ به كذ لد لاک للك اانا إل | | | ون رت‎ 
mida ea AS e DUQ شا‎  u T LOC C cres Suns e n وات كه‎ d 
7 LÀ AR LI Uer رات 2« دص سا ټون رو‎ PIS نا نال ںی‎ Stee em إ1 ېږ ېرل‎ I FUE መሩ خا‎ ር 55 55. 8. ہے ہے وہ نے ہے ہ ہے مهاد هه‎ 
0 CT UE d DIM SS LH IG. ጋ SE Eet e EE 
3 A es بو‎ SoU oe AMBER eRe chanel bo ںی‎ 
"305944038 3390902024 د سر کو وو سو همیسن د بوجو ہے‎ o od 
مث صا هه لد د د و د دل ردت‎ perdono ias دک که کر و رر سالک ده صلات‎ ACA RM E OS 
ر چڊ جه جد بو ٭ ند ل مم‎ (۲ 0 ee كز عد لل لا نادد دک در ېه روند دن‎ ኢ: ደ: ከኒ ፻ሮ ctor t سے‎ ,- ረመ 1 يدس 2710 بل‎ 23 ሯቆ ፌሪ 
EE OOOO ESE 
TELE SS UE EE 
جز تخ ال که 9 ۲ وو جالن زا و‎ ሀ.) 252 د هك‎ DIS سے ہے یر جو > جد عد 2 غه عا چا ما زاو کانان تاس وای ییو هټ شت 3:3 اد ںو‎ LD T IDe Siuu 
dee 
EE near XT be Wc) 
بن لے:‎ ንዙ ቋ ዓጓ>ጅ GS. سال‎ UW Dib Dw Ww tip DDD Oa Oe ee eS SIU Bea a Dw seme m edb DWP ww eec 
بل‎ EE ሚን ታን ገም ሰ ከ ا ا‎ 
بت‎ ٩ ۶ 2٤8 دک تال ماف بل ا للا لا سب‎ ተ መርአ رق مل لاہ صا ہک کہ کے تج کی شی را لان ا‎ 
FAIR AA EE A SE 
EE un نب لل بل ی ری ر ر لا ی‎ SD DY LD تا ص‎ pee wid. لاك لك الى‎ po تن سا لل نا‎ J 
አይንት ሽሽሽይን ናየ ንን ን ተይ ተፈ፣ አር ቂቱ ን በ IU A222 SA وت کات کنا تنا کلام رلا و ده‎ 
]نو‎ |۱۱١ ہلا لہا و ددع‎ ag و لالدلا لالد‎ u tuny Epyru gs iaasa EE bpr i 05ت دكب د د‎ 
E EE E EE TSA SISS 
EE rubor EE مان ہہ دای‎ ውው 
521.2: ዣ' a IP بد‎ U DDD BD SDDS 
ع دہ‎ | 1 | ١ | ١: 7 د لال لل بولك كدت ددن‎ ከል አ ህህ وی دی تاب ود سپ ہا وی سا للا ےک و یی ز قال‎ 
ን EE 
عدددت‎ + | | 7 ١١ | ISHS JITSU DY وهو ود مب حم‎ Ue DEH VO Tate اہ بے بج و بۓ بۓ ہے نے وټ اح‎ 
502200١١ | | | 1 7 2 00 تن ات‎ ው ው 2 مایت سای ساب پا پات ساب یب‎ ውው ር ጋው ጋያ መመር 
peel a aa E 
ete, fi ie ھ٦‎ DITS ESC JO MO Uie II S JOD e eS 
-13 793-3 ٤ - 1. 4 دت د لار ار ته‎ A سات‎ Ue IC. 3 Jig jug © ے ج ہے ود ہے ہے و بال( تال ت ب‎ 
SIOR f ۷ ..... ፐ .....፣፡ E EE 
BES 2222222111 ለኝና1!ሻ።ና92223 3012020252 228203 መመሠመሠሠመ። 
站 
E iere 
Kai. At) EE EE e i te vici 
Of | es رہ‎ I ES dee 
سا‎ A Ab | 人 
Louw | Eu eie ROO 
ኣጋኒ 14. | 1 O A T E l>e 
ዴቱ 1 1 ee mann use 
esit ١ 7 ን 5. ደ... ... د‎ ٨ كان زر‎ 
poros DII; qi rr 
= BOM بز ددرن .نز‎ - 


wil 


ITIAL VORTICITY 


52 


f 


-10, 11 CASE IV CERCUMFERE, 





examine every map in a stall event, due to the amount of 
computer time required for the production of these maps; 
each set of three maps ማግ ን ከን ٢ seconds of computer time. 
With 2048 sets of three maps per stall event, this would 
amount to 28 hours of computer time for each event. A 
random sampling of vorticity maps was taken, and the ring 
pattern does not appear except at such a time that it could 
be the cause of stall. The similarities between these maps 
me ۲ ۱۱۱9۰ A distortion index based on this pattern 
could yield some insight into how the compressor stalls. 

It would appear from this pattern that the tips of the blades 


ከ! ነ cobhtrical point of the compressor for the J-85. 


B. ANALYTICAL APPROACH [Ref. 8] 
There has been a large amount of work done for predicting 
the effects of nonuniform flows on the performance of a 
cascade. Reference 8 contains an excellent summary of some 
Br the results of this work ‘as welll as sample calculations 
of the effects of Sec Cid mam low ን ቴኒንኒጵይጅ ጵኬጅኹውዱውጅጵርጅህ፡.፡ ወ Further 
insight into these effects can be gained by consulting Ref. 14. 
UheEomumary ettects ات‎ cadial verticilty can be understood 
easily. Refercnee 13 states that an airfoll can be represened 
by a reentrant vortex. It is fairly easy to see that the 
blades in a compressor could be approximated by a group of 
۱9۳ radial vorticesk (See Fig. 12). It is then a logical 
supposition that positive radial ና ear tend to de- 
crease the blade loading and negative radial vorticity would 


tend to increase blade loading, as in Fig. 13. The trouble 
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ቢቢ ቢዚ ክሮ ስዕ 9۴ ሚሙ: 1S that radial vorticity in a rotor 
is an unsteady phenomenon. Table II classified types of 


Uortricity zn e rotor and stator as steady or unsteady. 


مسسار — 





FIG, 15 ADDITIONAL LIFT DUE TO RADIAL ۲ 


TABLE IT. POSSIBLE COMBINATIONS IN A ROTOR [Ref. 8] 


Vortex Direction of Vortex Flow 
Sheet Radial Unsteady 
እ | በመከ sS Radial Unsteady 
Filament Circumferential Unsteady 
Sheet Circumferential Steady 


ee oe —MQnÀÀ መ صف ج ندا م ج‎ ee A XÁ 
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۱۳5 1:1۳ ۱۱161۱6/6 ول‎ circumferential vorticity on blade 
loading is not so clear. In Ref. 8 the secondary effects 
of one vorticity pattern were calculated with the following 
Results. Mit was found that Circumferential vorticity could 
cause additional blade loading through its —À flow 
effects. The vorticity pattern for which these effects were 
calculated is remarkably similar to the pattern that the 
empirical correlation has tentatively singled out as ine 
cause of compressor surge. This pattern is depicted in 
Pig. 14. In Fig. 15 the induced downwash from this vorticity 
pottern 1S pictorialized. ££ the blade tips were highly 
loaded, the additional lift caused by the circumferential 
vorticity definitely would be large enough to initiate stall. 
It seems, therefore, that there is a logical relationship be- 
tween a ring of large positive vorticity at the tip and stall 
that concurs with the purely empirical correlation which was 
pointed out in the previous section. For a thorough expla- 
nation of the method of calculation of these secondary effects, 


sonsulk Ref. & or Ref. i 





FIG, 14 VORTICITY PATTER: 








FIG. 15 INDUCED 00111151 [REF, 2] 
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FIG, 16 nEGIOHS OF COTPRESSOR FACE 
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IOS ፐ"ፐ"ንዛ ENDEX 


E DEVELOPMENT OE TEE INDEX 

From the two approaches to the interpretation, it has 
been seen that stall in the J-85 is probably causcd by a 
type of distortion which is characterized by a large nega- 
ር ۵ تا ات‎ at the midspan and a large negative vorticity 
Ec t bpotbhouterbretations point to this conclusion, 
Pete ariy Certain that this path of investigation will 
bear fruit. In order to investigato the problem further and 
to determine if the conclusion that stall is caused by that 
Ene particular vorticity pattern is correct, it would be 
helpful to develop a distortion index based on the assumption 
pat that pattern causes Stall. 

The distortion index will have certain advantages over 
the maps. The most important of these is that it will take 
less computer time and will facilitate the processing of more 
data. This will make it possible to evaluate data for which 
no map was produced and to check the conclusion made in the 
interpretation of the maps. 

The index should fulfill certain requirements. It should 
be large when the vorticity pattern, tentatively labeled as 
the stall producing pattern, is presont and smaller when it is 
not. It ው be large only if the pattern persists for ono 
enn second or more, since if it does not persist for that 


long, it is unlikely that it would have produced stall. 
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Since this is the first index ever devised based on vorticity, 
there is no guideline as to what is large and what is small. 
This is an advantage in that it does not matter how large the 
index is. It is only the relative size at different points 
in time that is of interest. However, it will be possible to 
get some feel for the size of this index which causes stall 
through the comparison of the index for different stall events. 

The development of the index will now be described. 
Through inspection it was seen that the positive ring of 
vorticity was generally at r' of greater than 0.75, and the 
negative ring of vorticity was at r' of less than 0.75. The 
boundary layer had dominated the vorticity at r' greater than 
0.95, At r' less than 0.5, there was very little regularity 
to the pattern. In order to reduce computer time, it was 
decided to employ the observatıons above and to make the in- 
dex a simple arithmetic summation with as little testing for 
magnitude as possible. To this end, the vorticity map was 
separated into three sections as shown in Fig. 16. Region I 
1 تت‎ 02፡19 wasklgnored. In region II, the vorticity 
E radir of 0.55, 0.60, ከዝ. ond soe we was round ror 9 or 0 
to 360 at steps of 0.5°, and summed yielding equation (4). 


E 
E | (€) ۳ A Malz daa y ፡ሰ” (60, ዞ »») 4” VoaT ሁር 55 NAS) +۴ ۷۸٢ا‎ "ls zl (4) 
Us) 


If EI En tie rev sat ans 017 lI this region was) greater than 
It vas rejected. In region III, the positive vorticity at 
۲ or 0.8, 0.85, 0.90, and 0.95 was found and summed. In 
this case negative numbers were rejected. This yiclds 


equation (5). 
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714 
۳۸۳ (t) [Vent (o, Nx-.5) * Var C85, NS 3) tr Maer ›ሁፃ9,ኦ›ዐፓ) ተ ነሬጠፐ CRM ال‎ 
l EI - 
MS tortlon factor 1s then the difference between these 


two sums, (equation 6). 


Fa cT (€) * Facra tt) -. Facri tc) (6) 

p 2so5»oxntcoÉMdistortion factor was known -at each 
En Li 11 Lhe ring Of positive Vvorticlty at the 
tip is present along with the ring of negative vorticity at 
the hub, this index should be a large number. However, this 
1 በር: carries no information about the duration of the 
pattern. In this simple development the time factor was in- 
corporated in the following manner. The distortion factor 
for each case was multiplied by the distortion factor 0.625 ms. 
before it and 0.625 ms. after it. In this manner a new dis- 
Portion factor is calculated that reflects the vorticity pat- 
tern as seen through a "window" that is 1.25 milliseconds 


Zong. this stafsimple matter to program since the cases used 


۲۳ ۰1 ٩ 0.625 milliseconds apart: The distortion factor 
becomes 


Kosy = Facr(ecseos ms) x Fact Ce) < ٣۸ی رجڑسی)‎ 


this; manner a particular distortion must last at least‏ از 
i millisecond in order to yield a large value of the‏ 


w tor ion factor. 
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b. TEOM RETE DISTORTION FACTOR 

The distortion factor was inserted into the computer 
program and tested for several stall events. A graphical 
representation of the results of each of the first four 
Pvemes se presenticd an Figs. 17-20. 

٧۸٨1 321 15 2355 chat the dıstortion factor is quite 
effective for three of the four cases. In the fourth case, 
however, it gives no indication whatsoever of stall. This 
could be due to one or all of several influences. The index 
fails to account for several things. It could be that the 
index becomes large at the wrong time due to the fact that 


Prere may be a ring of positive yorticity at the tip and 


i 


negative vorticity at the midspan without the increase in 
me (ይሆ ን ዓስ not coineide kisgshown sn Fig 2L. 11 this 

is the case, they could cause the index to be large without 
maucing stalll. Also, there may be other influences, that 
are at the present obscure, which play a part in the stall of 
a compressor. Finally, it could be that a mild distortion 
Ean Cause, Stall 1f E تر‎ for long enough. 

Another interesting ۳ 1۳ about tie test 1S that for two 
of the three successful tests the peak of the distortion index 
which seems to have initiated stall is of the same order of 
Magni cucae, while the third@is! much smaller. This seeming 
discrepancy could provide some insight into the mechanism of 
etall. fhe opevreting points for the four cases were plotted 


On a performance map for the J-85, and the steady-state 
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operating point for the case in which a smaller peak in 
distortion index initiated stall is much closer to the surge 
line than the other two successful tests. This may be a 
significant observation. 

In any case, if the conclusions that lead to the dis- 
tortion index are correct, then the initial level of dis- 
Fortion is not the same for all operating conditions of the 
compressor. Also, there is something about that particular 
operating point for the fourth case that makes the compressor 


more susceptible to stall. 





FIG, 21 VORTICITY PATTERN PRDUCES LARGE INDEX, 
NO STALL 
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V. SUMMARY AND REVIEW 


In review it 38 necessary to put the findings of this 
thesis in perspective. In order to test the usefulness of 
the instantaneous vorticity approach ን ስ ቢን ን ን ጤጮሌማበ او‎ 
let distortion in axial flow compressors, the pressure 
distribution at the compressor face must be converted to a 
vorticity distribution at the compressor face. A computer 
program was developed which performed this task with reason- 
able accuracy. 

mer scrhesprogram was Operational 1t was used to convert 
instantaneous pressure data for the J-85-GE-13, which was 
taken in the 10 x 10 foot supersonic vind tunnel at NASA 
Lewis Research Center in Cleveland, Ohio, into vorticity 
Maps of radial and circumferential vorticity at the compres- 
Nace the map ot radial vorticity otíered little infor- 
mation, but a marked empirical relationship was found between 
mecircCumierential vorticity pattern and stall. A crude 
instantaneous distortion index was defined using this empirical 
relationship as a criterion. The results of these tests show 
that there is indeed an empirical relationship between instan- 
Baneous vorticity and stall. 

The tests of the distortion factor also showed that this 
pattern of vorticuty is not the only mechanism that is capable 


of causing stall. 
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NAC ONELOS TONS 


The primary purpose was to establish the validity of 
Prervorticity approach to the problem of ከን ን ም oue dis- 
Föortion in a jet inlet. This approach to the problem has 
proved to be quite useful in understanding the effects of 
distortion on the stability of a compressor. The computer 
program which converts the pressure distribution at the 
compressor face to the vorticity pattern at the compressor 
face will be instrumental in further research along this 
line of reasoning. 

rl clhe CII distortion factor developed in this work 
|1 2101 successful in the prediction of stall, and could 
most likely be refined to be even more effective, it is not 
the purpose of this line of research to determine an empiri- 
cal instantaneous distortion pattern for the J-85. The data 
mor the J-85 were used to show that the vorticity approach 
Mene peoblem 158 valid. "pibe overall purpose of the re- 
search is to develop a universal inlet distortion factor 
that could be employed for a wide variety of engines and 
airframes. Further research should be along these lines. 

It may be possible to make progress toward a universal 
۲۳۱ distortion factor through the calculation of the 
theoretical secondary flow effects of vorticity as it 
passes through the compressor. In further work the radial 
and axial vorticity must be incorporated into the analysis. 


Other factors that must bo considered in the analysis include 
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blade twist and type of blading. Finally, as stated in 
Ref. 2, other types of distortion, such as temperature 
distortion, must be considered. The vorticity approach to 
the problem of inlet distortion is very promising and may 
provide the reliable universal distortion criteria that 


industry lacks today. 
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APPENDIX A 


EXPLANATION OF DATA 


The data used by the computer program are the same data 
Einer werezused din Ref. 5. They were Caken in the 10 x 10 
foot supersonic wind tunnel at NASA Lewis Research Center in 
Cleveland. They consist of eleven different stall events. 
Mer cach@stall event the 250 milliseconds of analog data 
prior to stall were digitized at 8000 points/second/channel. 
A schematic of the digitizing system is in Fig. A-l. Each 
of the digitized values consists of only the fluctuating 
component of pressure, so the steady-state values of pressure 
۲۱۱۳۰ ۱۵ to stall must be used in order to find the absolute 
total pressure at each point. The steady-state value was not 
used alono, hovevor. Instead a reference pressuro which in- 
eludes a correction for the leakage of the high pass filter 
was added to the fluctuating component to obtain absolute 
values of the stagnation pressure. The reference pressure 
meas determined in the following manner. Analog data for all 
thirty channels were filtered at 50 hertz. A drawing of the 
compressor face with ine positions of all the probes is shown 
in Fig. A-2. A five second section of data prior to stall 
was digitized at 200 points/second/channel. The thousand 
Values for cach channel were then averaged to find delta p 
Average for ። channel, where delta p average is equal to 


the filter leakage. The values of I and dP/dt then were 


) 
ref 


Falculated using equations A-l and A-2. 
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FIG, A-2 PLACEMENT OF PROBES 
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Paos E e م‎ ٣ ېې‎ د٨٨06‎ COMPONENT ER 


For each event the time of engine stall was known as well 
as the time of earliest indication of en inside the 
compressor. This time of earliest indication of stall inside 
the compressor is the time at which the interstage dynanics 
indicated that the engine was going to stall and is accurate 
only to the nearest millisecond. A synopsis of these times 
Tor edh stall event is in Table A-I.. Also, a list of 
steady-state operating conditions for each stall event is 
contained in Table A-II. 

If a more complete explanation of the instrumentation 


used is desired, consult Ref. 5. 
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APPENDIX B 


POCU TST ከ [ባከር PROGRAM 


Whensazeonputer program or this complexity is used, it 
መሽ ..ሥ.)ሒ)1()1.1.: 8ጢ([2ጋር thesaccuracy Or the program be verified. 
Ane calceulatıon or the vörtieity diseributlon at the con- 
ross ataco chere are six quantities involved: r, d, 
normalized axial velocity, normalized total pressure, and the 
derivatives of the normalized pressure in the r' and theta 
۱۳ دا اب‎ ۱1۵ distance r! is actually one of the defining 
values for any point on the compressor face, and gamma is 
merely the ratio of specific heats which is a well known func- 
tion of temperature. The four remaining quantities are cal- 
eulotedby the program aspa function of r' and 9 that is pro- 
vided by the interpolation scheme. Since the normalized 
۰1 21 م7‎ 117 19۹۹٥ function of two measured quantıties, the 
average total pressure and the average static pressure, and 
Cnc ESLA Bee, TS DIGU Chal 11 اد‎ interpolation 
scheme accurately computes the total pressure at each point, 
then the INNER axial velocity also willl be correct. 
Thus we see that the accuracy of the entire program hinges 
enerhemaccuracy orf the interpolation ¡scheme which calculates 
JE رم‎ and or. The interpolation scheme is a cubic spline 
ሸክ.  ስየ፡። لته رور یلتار ام کا‎ a cubie polynomial to each 
three points in one dimension and then matches the slope of 


the curve at the points that are common to both polynomials. 
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There are two ways to test the accuracy of this inter- 
polation scheme. One way is to set up a dummy function of r' 
and 9, and produce a grid of point values of this dummy 
iuc" Then. using the interpolation scheme, predict the 
value of the dummy function and its two derivatives at other 
points in between the grid values and compare these values 
to the true values of the dummy function which are known 
since the dummy function is known explicitly. The second way 
is to plot the known values of the pressure on a graph, con- 
nect the points with a curve, and see if the interpolated 
values fall on the curve. The slope of the curve can be 
compared with the partial derivatives that were calculated. 
The results of the first method of testing are in Table B-l. 
im Figs. B-l - B-5 the results of the second method are 
presented. 

The interpolation scheme was found to have a maximum 
اللا اا‎ ene percent for the value of pressure in this test, 
while the values of the partial derivatives were in error by 
a maximum of four percent. 

Once the ው the interpolation scheme has been 
Merified, the only remaining possibility of error 12s the sub- 
Exucnescthat print the map Of the vorticity distribution. 

In Table B-II the values of vorticity calculated on a desk 
calculator are compared with the symbols that were printed 
at these points by the computer while drawing the maps. 

The positions of these points are indicated on the vorticity 


map in Fig. B-6. 
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ABSTRACT 
ርን 1 TOMS the basis’fer a new approach to the amalysis of 
Met distortion in axial flow fans and compressors. Farmer first 
formulated this approach and this paper represents a test of the 
usefulness of his theory. A summary of recent developments in the 
Meld along with a discussion of the effects of distortion on stall 
Mergin forms a background for this complex problem. A computer 
Program calculates the vorticity pattern at the compressor face 
Sing data that are read from a magnetic tape. The data, which 
Were provided by NASA Lewis Research Centor in Cleveland, consist 
Of eleven stall events. The output of the program contains tables 
Me Stagnation pressure and the partial derivatives of pressure in 
ie Rand theta directions as well as three maps. The three maps 
በክ Of pressure and radial and circumferential vorticity. The 
Sults of the program show a correlation between a ring of large 
Meositive circumferential vorticity and stall, leading to the 
Menclusion that the stall vas caused by the increase in blade 
Beading induced by the vorticity. This conclusion suygests a 
lation for a universal inlet distortion index and provices a 
ENSIS for the evaluation of the vorticity approach to the problem. 
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